Developing non-invasive brain stimulation interventions to improve attentional control is extremely relevant to a variety of neurological and psychiatric populations, yet few studies have identified reliable biomarkers that can be readily modified to improve attentional control. One potential biomarker of attention is functional connectivity in the core cortical network supporting attention -the dorsal attention network (DAN). We used a network-targeted cerebellar transcranial magnetic stimulation (TMS) procedure, intended to enhance cortical functional connectivity in the DAN. Specifically, in healthy young adults we administered intermittent theta burst TMS (iTBS) to the midline cerebellar node of the DAN and, as a control, the right cerebellar node of the default mode network (DMN). These cerebellar targets were localized using individual resting-state fMRI scans. Participants completed assessments of both sustained (gradual onset continuous performance task, gradCPT) and transient attentional control (attentional blink) immediately before and after stimulation, in two sessions (cerebellar DAN and DMN). Following cerebellar DAN stimulation, participants had significantly fewer attentional lapses (lower commission error rates) on the gradCPT. In contrast, stimulation to the cerebellar DMN did not affect gradCPT performance. Further, in the DAN condition, individuals with worse baseline gradCPT performance showed the greatest enhancement in gradCPT performance. These results suggest that temporarily increasing functional connectivity in the DAN via network-targeted cerebellar stimulation can enhance sustained attention, particularly in those with poor baseline performance. With regard to transient attention, TMS stimulation improved attentional blink performance across both stimulation sites, suggesting increasing functional connectivity in both networks can enhance this aspect of attention. These findings have important implications for intervention applications of TMS and theoretical models of functional connectivity.
Introduction
Attentional control, the ability to select and maintain task-relevant information processing, is critically important for many essential activities of daily life, from effectively accomplishing work/school activities (Kalechstein et al., 2003; Lam and Beale, 1991) to driver safety (Ball et al., 1991; Edkins and Pollock, 1997; Schmidt et al., 2009) , and is impaired in a wide range of neurological and psychiatric populations. As attention underlies many other higher-level cognitive functions, attentional impairments can result in deficits of diverse cognitive functions (Fortenbaugh et al., in press ). Thus, improvement of attentional control has widespread clinical appeal.
Converging evidence directly implicates a set of frontal and parietal regions, termed the dorsal attention network (DAN), in attentional control (i.e., preparing, initiating, and maintaining goal-directed attention; e.g., Corbetta et al., 2000; Kastner et al., 1999; Langner and Eickhoff, 2013; Fortenbaugh et al., in press) . Recently, the DAN has been shown to include both cortical and cerebellar nodes (Brissenden et al., 2016) . In contrast, during active engagement of the DAN, the medial prefrontal cortex, the precuneus and lateral inferior parietal regions, known as the default mode network (DMN), are commonly found to be deactivated (Buckner et al., 2008; Raichle et al., 2001; Raichle and Snyder, 2007) . Thus, there is evidence that successful completion of attentional tasks requires some form of upregulation of the DAN and concomitant decreased response within the DMN.
Functional connectivity (FC) in the DAN is also related to attentional control. Specifically, increased FC within the DAN at rest corresponds with improved task performance (Hampson et al., 2006) . Further, when attention is engaged, it dynamically modifies FC in the DAN. For example, studies have found greater within-DAN FC during the performance of a sustained attention task compared to rest (Bray et al., 2015) . Critically, increased connectivity within the DAN, especially between cerebellar and cortical network nodes, corresponds to increased activation during multiple attentional tasks, suggesting a clear link between connectivity and cognitive performance (Brissenden, et al. 2016 ). In addition, greater resting connectivity between DAN and DMN is associated with poor attentional control and greater distractibility (e.g., Poole et al., 2016) . In contrast, within-DMN FC has been less consistently linked with attention (Barber et al., 2015; Bonnelle et al., 2011) . Together, FC data suggests that internal communication within the DAN, as well as distinctiveness from tasknegative DMN, are reliable markers associated with better performance during tasks requiring voluntary attentional control.
Transcranial magnetic stimulation (TMS), a non-invasive intervention, might have the potential to enhance attention or ameliorate attention deficits due to its unique ability to modulate both brain activity and connectivity (Walsh and Pascual-Leone, 2003; Eldaief et al., 2011; Halko et al., 2014; Wang et al., 2014; Wang and Voss, 2015) . Specifically, a key feature of TMS is that the effects are not limited to the stimulated region, but are further distributed to anatomically-connected sites (Ilmoniemi et al., 1997; Bohning et al., 1999; Morishima et al., 2008) . These distributed effects of TMS, achieved through trans-synaptic activation (Amassian et al., 1990; Paus et al., 1997) , can induce changes in functional connectivity (FC) between regions that include both the stimulated region (Eldaief et al., 2011; Halko et al., 2010; Wang et al., 2014; Wang and Voss, 2015) , and its connected networks (Grosbras and Paus, 2002; Taylor et al., 2006; Silvanto et al., 2006; Ruff et al., 2006; Halko et al., 2014) . Thus, effective therapeutic TMS interventions must rely upon an understanding of the targeted network, distributed effects (Dubin et al., 2017; Drysdale et al., 2017) , as well as the state of the stimulated neuronal population (Silvanto et al., 2008; Miniussi et al., 2010) .
TMS applied to regions of the DAN, such as the frontal eye field (FEF) and other frontal-parietal regions, has shown to decrease performance of orienting, distractor suppression, visual detection, and sustained attention (Chambers and Mattingley, 2005; Capotosto et al., 2012; Esterman et al., 2015) . Stimulation of the FEF has also been found to increase BOLD responses in distal, but connected visual cortex, improving visual detection and enhancing excitability of visual areas (Grosbras and Paus, 2002; Taylor et al., 2006; Silvanto et al., 2006; Ruff et al., 2006) . In contrast to the DAN, no work to our knowledge has considered the effects of DMN stimulation on attentional performance; this may partially be due to the inaccessibility of the core cortical regions of this network. Notably, an increase in the resting FC within the DAN and the DMN occurred after stimulation of distinctly localizable regions of the cerebellum (Halko et al., 2014) , although this study did not measure cognition. Specifically, intermittent theta burst TMS (iTBS) increased resting FC within the DAN or within the DMN (Halko et al., 2014) after stimulation that targeted midline and lateral regions of the cerebellum respectively, regions exhibiting functional connectivity with cortical DAN and DMN regions. This stimulation of the cerebellum could induce these network-specific modulations by virtue of an indirect connection to brain networks via the thalamus (Schmahmann and Pandya, 1997; Strick et al., 2009) which can be observed with resting state FC .
As attentional performance has been associated with FC within the DAN (Hampson et al., 2006; Bray et al., 2015; Brissenden et al., 2016) , we examined whether TMS applied to the cerebellar node of the DAN could enhance attention. Since attentional performance is less associated with FC within the DMN, we contrasted cerebellar DAN stimulation to cerebellar DMN stimulation (as an active control). Specifically, we compared performance on a sustained attention task, the gradual onset continuous performance task (gradCPT), and a transient attention task, the attentional blink task pre/post iTBS. ITBS was applied at the midline cerebellar node of the DAN and the right cerebellar node of the DMN. We accessed the DAN/DMN via a network-based localization method (see localization approach in method section). Behavioral blocks preceding cerebellar-iTBS served as baseline performance measures. Given the importance of DAN activity and FC for sustained and selective aspects of attention, we hypothesized that stimulation of the DAN cerebellar node would improve attentional performance. Specifically, following cerebellar DAN stimulation, we predicted 1) reduced commission errors on the gradCPT, particularly while in the zone , 2) enhanced ability to overcome the attentional blink as measured by fewer errors in reporting the second target, and 3) absence of attentional modulation following DMN cerebellar stimulation.
Method

Participants
Fifteen healthy participants (11 males, mean age = 22.27, SD = 3.69) were recruited from Northeastern University and Boston University. All participants met the screening criteria for TMS (Rossi et al., 2009 ) and reported to be free of neurologic and psychiatric conditions. Subjects gave informed consent and the study was approved by the VA Boston Healthcare System IRB.
Overall experimental procedure
Using a within-subjects cross-over design, participants completed two 1-2 h TMS sessions separated by a washout period of 48 hours to 2 weeks. Participants received stimulation to two different cerebellar sites ( Fig. 1 ; based on DAN or DMN connectivity, see Localization below) with order randomly counterbalanced across participants. Note the current study considered DMN an active control, which has distinct advantages to using sham (Duecker and Sack, 2015) .
At both sessions, immediately pre-and post-TMS, participants completed 1) the gradual onset continuous performance task (gradCPT), a go/no-go sustained attention task, and 2) the attentional blink task, a measure of selective attention. GradCPT was always performed before the attentional blink task (Fig. 2) . The average time between gradCPT performance before and after stimulation was 35.21 min (SD = 5.03) for DAN sessions and 37.93 min (SD = 6.43) for DMN sessions, p > .34.
Localization of TMS
Prior to the TMS session, each participant completed a T1-weighted structural (MPRAGE) and two resting-state fMRI scans on a 3 T Siemens Trio Scanner with a 32-channel head coil at the Neuroimaging Research Center for Veterans (NeRVe) at the VA Boston Healthcare System. For 12 subjects, functional runs included 300 whole-brain volumes acquired using an echoplanar imaging sequence with the following parameters: TR = 1050 ms, TE = 34. We selected two targets in the cerebellum, based on functional connectivity (FC) with the cortical dorsal attention (DAN) and default mode network (DMN) for each individual subject. The cerebellar targets were functionally localized using individual resting-state MRI scans by seeding the cortical DAN and DMN respectively (using parcellation from Yeo et al., 2011; see Fig. 1 ). For each network, TMS targets were defined as the peak activation of either the DAN or DMN cerebellar nodes as follows. The "cerebellar DAN" target was placed in the hotspot in the midline cerebellum (see Fig. 1a ). Modeling of the optimal location for placing a coil on the cerebellum to impact the DAN nodes have shown that this midline position represents the ideal location relative to any other position upon the posterior skull (Halko, Dannhauer and Brooks, personal communication; Brissenden et al., 2016) . Although bilateral, the "cerebellar DMN" target was placed in the right lateral cerebellum (see Fig. 1b ), as the cerebellar connections decussate to the other hemisphere cortically and the DMN is left hemisphere dominant (Halko et al., 2014) . The average error between the TMS trajectory and the fMRI-localized target was .69 mm (range: 0.37-1.40; SD = .37) for the DAN target and .73 mm (range: 0.34-2.47; SD = .61) for the DMN target; thus TMS was delivered fairly accurately to the selected target regions. Nevertheless, taking into account that TMS is mostly used to investigate regions close to the cortical surface (Barker, 1999) and that this error could be meaningful, we decided to include stimulation error from the optimal target position as a covariate in our analyses.
Transcranial magnetic stimulation
A Magstim Super Rapid Plus with a D70
2 figure-eight coil was used to administer the TMS pulses. Brainsight 2 system and software were used for neuronavigation (Rogue-Research Inc., Montreal, Canada). Before the main experiment, active (AMT) and resting motor threshold (RMT) were determined by the minimum amount of stimulator output needed to observe a motor evoked potential (MEP) of at least 50 mv for 5/10 single pulses in 1 of 2 simultaneously recorded hand muscles. The TMS coil was oriented toward the frontal pole during motor thresholding. TMS pulses were delivered to the primary motor cortex in the left hemisphere, and activity was measured on the right hand.
We administered intermittent theta burst TMS (iTBS, a 2 s train of TBS [3 pulses at 50 Hz, repeated at 200 ms intervals] is repeated every 10 s for a total of 190 s [600 pulses]; Huang et al., 2005) to the midline cerebellar node (DAN) and, as a control, the right cerebellar node (DMN). TMS was administered at a lower intensity between either 80% RMT or 100% AMT (mean stimulator output = 40%; range = 30-45%), such that neither was exceeded based on previous literature and guidelines. We did not exceed a stimulator output of 45% to minimize participant discomfort. The TMS coil was oriented vertically with the handle directed upward for cerebellar stimulation and placed tangential to the skull.
Behavioral tasks gradCPT
Participants performed the gradCPT, a go/no-go continuous performance task with gradual transitions between stimuli (e.g., Fortenbaugh et al., 2015; Esterman et al., 2013) . The stimuli consisted of 20 grayscale photographs of scenes cropped in a circle. Ten photographs were mountain scenes, and the other ten were city scenes. On any trial, there was a 10% chance that a mountain scene was presented, and a 90% chance that a city scene was presented. For each administration of gradCPT, the order of scenes was random. Each scene gradually transitioned into the next scene using linear pixel-bypixel interpolation, with the complete transition occurring over~800 ms. Participants were instructed to press the space bar on the keyboard for every city scene but withhold their response for the mountain scenes. Response accuracy was emphasized without reference to speed. However, given that the next stimulus would replace the current stimulus in~800 ms, a response deadline was implicit in the task (see reaction time and coefficient of variation below).
The gradCPT was presented using an Apple MacBook Pro. MATLAB (MathWorks) and Psychophysics toolbox (Brainard, 1997) were used to present stimuli and collect responses. The participant sat in a chair approximately 24 inches from the display. The images subtended approximately~6°of visual angle. The participant responded by pressing the space bar on the keyboard.
Analyses Reaction time (RT) and coefficient of variation (CV)
RTs were calculated relative to the beginning of each image transition, such that an RT of 800 ms indicates a button press at the moment image n was 100% coherent and not mixed with other images. A shorter RT indicates that the current scene was still in the process of transitioning from the previous, and a longer RT indicates that the current scene was in the process of transitioning to the subsequent scene. For example, an RT of 720 ms would be at the moment of 90% image n and 10% image n−1. On rare trials with highly deviant RTs (before 70% coherence of image n and after 40% coherence of image n + 1) or multiple button presses, an iterative algorithm maximized correct responses as follows: the algorithm first assigned unambiguous correct responses, leaving few ambiguous button presses (presses before 70% coherence of the current scene and after 40% coherence of the following scene). Second, ambiguous presses were assigned to an adjacent trial if one of the two had no response. If both adjacent trials had no response, the press was assigned to the closest trial, unless one was a no-go target, in which case subjects were given the benefit of the doubt that they correctly omitted. Slight variations to this algorithm yielded highly similar results, as most button presses showed a 1-1 correspondence with presented images. Raw RTs on correct trials were used to calculate RT variability, or coefficient of variation (CV = standard deviation of RT/meanRT).
Accuracy
Trials in which participants correctly inhibited a button press to mountain scenes were considered correct omissions. Trials in which participants erroneously responded to mountains were considered commission errors. Commission error rate (CE) served as our primary measure of accuracy. Errors of omission, or failing to respond to city scenes, occurred very rarely (mean = .6%, SD=.001) and were thus not considered in subsequent analyses. As omission errors were so infrequent (in fact 0% in at least one block for 7 subjects), we chose not to use a signal detection approach, as the lack of false alarms would bias or invalidate these analyses (Miller, 1996) . CE rate test-re-test reliability was r = .65 in a previous study (Fortenbaugh et al., 2015) , and does not exhibit a strong practice effect . Note that reaction time and accuracy are not computed within the same trials. The reaction time performance was computed based on city scene go-trials where subjects correctly responded (~90% of the 750 trials). The CE rate was computed based on no-go mountain scene trials (~10% of the 750 trials).
Variance time course analysis (VTC): defining in the zone vs. out of the zone
To assess trial-to-trial changes in RT, we conducted a withinsubject analysis called the variance time course (VTC; Kucyi et al., 2016; Fortenbaugh et al., 2015; Esterman et al., 2013 Esterman et al., , 2014 Esterman et al., , 2016 Rosenberg et al., 2013) . VTCs were computed from the correct responses to cities in each run of gradCPT (following z-transformation of RTs within-subject to normalize the scale of the VTC), where the value assigned to each trial represented the absolute deviation of the trial's RT from the mean RT of the run. Evidence shows that extremely fast RTs often indicate premature responding and inattention to the potential need for response inhibition (Cheyne et al., 2009; Esterman et al., 2013) , while extremely slow RTs might indicate reduced attention to or inefficient processing of the ongoing stream of visual stimuli, requiring more time to accurately discriminate scenes Weissman et al., 2006) . To emphasize attention-related fluctuations and reduce high frequency noise, based on prior literature (Di Martino et al., 2008; Esterman et al., 2013) , the VTC was smoothed using a Gaussian kernel of 20 trials (∼16 s) fullwidth at half maximum (FWHM). As in previous work, we divided performance into low-or high-variability periods (in-the-zone and outof-the-zone periods) with a median split on the smoothed VTC for each run. This yielded 5 min each of being in the zone (lowest half of the VTC) and out of the zone (highest half of the VTC). The patterns of results were identical when considering other divisions of in the zone and out of the zone, including a tertile split and other smoothing kernels. Note that differences in performance measures between in the zone and out of the zone were highly significant (and statistically guaranteed in the case of CV), thus we do not report these main effects in the Results section.
Attentional blink
Participants performed a visual attentional blink task (Raymond et al., 1992; Shapiro et al., 1994) , composed of a rapid serial visual presentation of 14 items presented in the center of the screen. The stimuli subtended 2°of visual angle vertically and 1°horizontally. Two target numbers (3, 4, 5, 6, 7, 8, 9) were embedded in 12 distractor letters (B, C, D, E, F, G, K, L, M, N, P, R, S, T) (for a full description see Van Vleet and Robertson, 2006) . Each stimulus was presented on the screen for 75 ms with a 0 ms inter-stimulus interval. The first target number (T1) was red to maximize identification while the second target number (T2) was black like the distractor letters and therefore more difficult to identify. T2 appeared either two positions after T1 (75 ms after T1; lag2) or six positions after T1 (375 ms after T1; lag6). There were 80 total trials with 40 lag2 trials and 40 lag6 trials.
The attentional blink task was also presented using an Apple MacBook Pro. The participant sat in a chair approximately 24 inches from the display. The participant reported the identity of the targets by pressing the number keys on the keyboard. T2 accuracy was calculated only for trials in which T1 was correctly identified. Chance performance for T2 accuracy is 16.67%. The attentional blink does not exhibit strong practice effects and has shown to be sensitive to intervention effects (Degutis and Van Vleet, 2010) .
Analysis strategy
In the present study, we aimed to evaluate the interaction between stimulation site (cerebellar DAN vs. cerebellar DMN) and pre/poststimulation attentional performance. Thus, an ANOVA was conducted for each task with these two factors. Based on our previous study using 1 Hz rTMS to target the frontal eye fields of the DAN , we also expected the strongest effects on the gradCPT to be during in-the-zone performance, thus for the gradCPT, we included in/ out of the zone as an additional factor in the ANOVA. While our primary measure of interest for sustained attention was CE rate for the gradCPT task we also examined mean reaction time and variability of reaction time. Our primary measure for the attentional blink was the % errors for the second target (T2) after a correct first target (T1). We focused our analyses on lag2 (i.e., when T2 was presented 2 positions after T1), as this is when the attention blink is maximized (see Raymond et al., 1992) .
Outlier analyses
Similar to other TMS studies , we applied Chauvenet's criterion to identify outliers (Taylor and Cohen, 1998) . According to Chauvenet's criterion, first the probability that a suspect value is drawn from a normal population is calculated. If this value multiplied by the number of participants is less than 0.5, the data point should be excluded.
Results
Participants
Our final sample consisted of 14 subjects (10 males, mean age = 22.29, SD = 3.83) after excluding one outlier (22-year-old male) based on Chauvenet's criterion (see Methods for a description). The outlier's pre/post change in gradCPT commission error rate (averaged across both stimulation sessions) was 2.8 SD from the mean.
TMS effects of cerebellar DAN and DMN stimulation: gradCPT Accuracy
We first sought to test whether there was an effect of cerebellar DAN vs. cerebellar DMN stimulation on commission error (CE) rate, with a three-way ANOVA with site (DAN/DMN), time (pre/post) and attentional state (in the zone/out of the zone) as factors. In this model (and all subsequent models) we controlled for stimulation location precision. Specifically, we included error (in millimeters) from our ideal target as a covariate by computing, for each session, the average distance from this target across the session. As predicted, there was a significant interaction between site x time (F(1,12) = 9.576, p = .009; Fig. 3a) . There was no further interaction with attentional state (p > .7), thus the effect was statistically equivalent for both in-the-zone and outof-the-zone periods. Follow-up ANOVAs for each session showed the interaction was driven by a reduction in CE rate following DAN stimulation (pre-DAN CE rate: 21.5% [standard error of the mean = 4.3]; post-DAN CE rate: 15.4% [SEM = 2.7]; F(1,12) = 7.86, p = 0.016).
It is noted that the CE rate interaction (Fig. 3a) could also be partially due to idiosyncratic differences at baseline between the sessions. Despite baseline differences not being significantly different between sessions (F(1,12) = 2.74, p = 0.12), numerically, performance was worse at baseline in the DAN session, rather than better after stimulation, compared to the DMN session. This baseline difference was driven by one participant who had poorer baseline DAN performance. This subject's baseline difference between sessions was identified as a statistical outlier (see Methods; > 2.8 SD from the mean intersession baseline difference). To affirm that our results were driven by better performance after DAN vs. after DMN condition, we recomputed the overall CE ANOVA without this participant (n = 13), creating baseline scores there were more numerically equivalent between the two sessions (Fig. 3b) . Importantly, the site x time interaction remained significant (F(1,11) = 8.628, p = .014; Fig. 3b) , and was clearly driven by post-TMS differences. These analyses further indicate that CE rate was reduced after DAN stimulation, and no difference was observed after DMN stimulation.
Reaction time measures
Equivalent ANOVAs were conducted with mean RT and RT variability. For mean RT and for RT variability, there were no significant main effects or interactions between site and time (mean RT: 2-way interaction, F(1,12) = 1.175, p = .300; RT variability: 2-way interaction, F(1,12) = 2.389, p =.148).
TMS effects of cerebellar DAN and DMN stimulation: attentional blink
We next sought to test whether there was an effect of cerebellar DAN vs. cerebellar DMN stimulation on T2 error rate during the blink task, with a two-way ANOVA with site (DAN/DMN) and time (pre/post), again controlling for stimulation location precision. This interaction of site and time for selective attention was not significant (F(1, 12) = 0.38, p > .8).
There was a main effect of time (F(1,12) = 6.06, p = 0.03), such that performance was better post-vs. pre-TMS across both sessions (pre-TMS: 24.5% error [SEM = 3.8]; post-TMS: 19.8% error [SEM = 3.2]). Thus, overall, stimulation enhanced performance, independent of network.
Post hoc examination of individual subjects' performance
As a post-hoc analysis, we examined individual differences in response to stimulation. We focused on the gradCPT given the significant effect found on CE rate (i.e., significant interaction).
Only following DAN stimulation, participants with worse baseline functioning on the gradCPT showed greater improvements on the gradCPT task, as revealed by a correlation between improvement and average baseline accuracy (Spearman's rho, ρ = .54, p = .048; see Fig. 4-left) . Critically, following DMN, this pattern was not present (ρ = −.20, p = .48; Fig. 4-right) , o/or regression to the mean.
Discussion
We applied iTBS to DAN and DMN hubs in the cerebellum in an attempt to enhance sustained and transient attentional control using a network-based localization method. Our results show that cerebellar DAN-targeted stimulation significantly reduced commission error rate during the gradCPT task post-iTBS compared to baseline pre-iTBS performance. In contrast, iTBS applied to cerebellar DMN did not modulate performance. Reaction time measures on the gradCPT were unaffected by either TMS condition. Attentional blink performance generally improved after TMS, as there was a reduction in errors postiTBS compared to baseline pre-iTBS, indicating that the effect was not network-dependent. This study is one of the first to use networktargeted TMS to enhance attention, and suggests that networktargeted cerebellar TMS could enhance other aspects of attention or cognition that were not assessed in this study. Sustained attention improvements from midline cerebellar DAN TMS may have occurred through enhanced DAN-connectivity leading to a more efficient utilization of attentional resources. Studies have shown that during periods of optimal performance, participants show less activation in DAN regions, and have greater activation in areas of the DMN (Esterman et al., , 2014 Kucyi et al., 2016) . These studies and others suggest that during optimal performance, attentional resources are engaged with greater efficiency and precision. Supporting this interpretation, task-irrelevant stimuli are processed with greater depth during these optimal periods, akin to lower perceptual load, or more efficient task-related processing (Esterman et al., 2014) . Similarly, we found that inhibitory TMS (1 Hz) to the right frontal eye field impaired more optimal periods of performance . This indicates that FEF is more critical during these periods of consistent and accurate performance. In the domain of attentional control over the motor system, Kucyi et al. (2016) found that stable and accurate periods of rhythmic finger tapping was also associated with less activation in task-positive regions, again consistent with neural efficiency. We speculate that cerebellar-DAN TMS enhanced within-DAN FC, and in turn, neural efficiency of a network critical for sustained attentional control.
Further, our data show that subjects with worse baseline attentional performance benefited to the greatest extent on the gradCPT from iTBS of the DAN. These results could be explained by the concept of stochastic resonance (Miniussi et al., 2010; Schwarzkopf et al., 2011) . This phenomenon boosts weak signal by adding broad-spectrum noise to it. In this regard, participants who had worse baseline performance (i.e., a weaker signal) may have benefited more. It is equally important to note that subjects with better baseline attentional performance also benefited from iTBS but to a lesser extent. This effect could also be the result of TMS "calling to action" the neuronal population that was less active during the baseline. Subjects with better baseline performance might have a higher ratio of volume of neuronal population activated during task, leaving iTBS to effect a smaller "inactive" volume of neuronal population. While we recruited healthy participants, this result suggests that populations with attention deficits, who have worse baseline performance, may be more sensitive to these TMS-induced improvements.
Alternatively, improvement following cerebellar DAN stimulation may be interpreted as the result of functional improvement of the cerebellum's role in the DAN, and attention more broadly (Stoodley, 2012; Stoodley and Schmahmann, 2009; Tomasi et al., 2007) . The dysmetria of thought hypothesis suggests that the cerebellum's functional role in cognition is similar to its role in the motor system (Schmahmann, 1991; Andreasen, 1998) . The cerebellum contains an organization that is remarkably consistent across networks. This modular organization means that TBS stimulation to different subregions will result in similar effects across distinct networks (Farzan 2016) . Indeed, there has been investigations within the motor system of the effect of TBS, which is consistent with iTBS resulting in a change in distal motor cortex plasticity (Casula et al. 2016; Koch et al. 2008; Grimaldi et al., 2014) . In the motor system, the cerebellum may contain an internal model predicting the course of future events based on past experience (Manto et al., 2012) . Indeed, the physiology of the cerebellum suggests that translated to the attentional system, this same internal model system may be responsible for predictive deployment and maintenance of attention. Whatever the mechanism, there is evidence of the cerebellum contributing to attentional processes from imaging, transcranial magnetic stimulation and lesion studies (Brissenden et al., 2016; Arasanz et al., 2012; Baier et al., 2010) . Thus, it is plausible that the iTBS-induced improvement in sustained attention arises from improved functioning of the cerebellum's direct role in attention.
Though speculative, the improvement from DAN-iTBS can also potentially be explained by considering the state of the targeted neuronal population prior to stimulation (Silvanto et al., 2008; Miniussi et al., 2013 ). In the current study, we may have preconditioned selective neuronal populations by having participants perform the gradCPT (and attentional blink task) immediately prior to iTBS. Under certain circumstances, preconditioning has been shown to boost TMS efficacy (Romei et al., 2016) . Thus, the enhancement of gradCPT performance from cerebellar DAN iTBS could be the result of this prior neuronal tuning of DAN regions, know to be recruited during gradCPT as shown with fMRI (Esterman et al., , 2014 . This design element may have boosted TMS efficacy, and helped induced the pre/post differences in gradCPT performance.
Our results might appear to contradict a recent cerebellar TMS study (Cattaneo et al., 2014) that found that rTMS applied to the cerebellar vermis, compared to sham and no TMS blocks, reduced visual motion discrimination ability. This disparity in attentional performance outcome is likely due to the different stimulation parameters, tasks involved, and especially stimulation sites. In the current study our stimulation sites were far more inferior to the stimulation site in Cattaneo et al. (2014) , which was 1 cm inferior to the inion. Additionally, in the current study we used iTBS offline whereas Cattaneo et al. (2014) used rTMS online concurrently with the task. These parameters might have led to these opposite effects, as would be . Change in gradCPT commission error (CE) rate across individual subjects. Improvement is positive and decline is negative (y-axis). Participants are sorted by baseline CE rate (average of both baseline CE rates across sessions) with worse baseline performance on the left and better baseline performance on the right (x-axis). There was a significant relationship in the DAN stimulation condition, such that worse performers showed the greatest TMS-induced enhancement (rho=.54, p < 0.05).
predicted by our network model of the stimulation effects (Halko et al., 2014) . Others have reported reaction time changes and motor physiological changes from the application of TBS to the cerebellum, typically 1 cm inferior and 3 cm lateral to the inion (Koch et al., 2008 (Koch et al., , 2009 Picazio et al., 2016; Casula et al. 2016) . These motor sites are substantially superior and lateral to the typical dorsal attention network site. Previous investigations of the present cerebellar locations demonstrated no change in the somatomotor network with identical stimulation procedures (Halko et al. 2014) . DMN stimulation did not induce any change in performance during the gradCPT task compared to baseline performance. The absence of effects could mean that the DMN-FC is not as directly involved in attentional control. DMN FC has been less consistently linked with attention (Barber et al., 2015; Bonnelle et al., 2011) . In contrast, FC between DAN and the DMN has been found to contribute to individual differences in response time variability, such that greater DAN-DMN FC is associated with greater variability and distractibility in healthy adults and ADHD patients (Kelly et al., 2008; Kucyi et al., 2015; Poole et al., 2016) . While the literature points at an interplay between DAN and DMN (Fox et al., 2005) , the results of this study make a potential distinction as to their involvement in attentional control.
Reaction time analyses did not show any modulatory effects of iTBS on the gradCPT. This finding is less common in the TMS literature where most reported effects are observed at this level. However, our lack of effect might be due to gradCPT task design. In many tasks, subjects typically have enough time (usually up to seconds) to accumulate information needed before giving their response. In contrast, due to the gradual and overlapping nature of the task, as well as the rapid pace, the task has a limited range of RTs (~500ms-~1300ms), as reaction times that are too fast (which leads to errors of commission to rare mountains) and too slow (which leads to missing the implicit response deadline and thus errors of omission), will eventually be misassigned to previous/subsequent trials, and be associated with worse accuracy . Other tasks for which reaction time is a primary measure of sustained attention (e.g., vigilance, XCPTs) may reveal RT enhancements from similar stimulation protocols.
Overall, attentional blink performance did benefit from stimulation, suggesting the enhancement of functional connectivity in both DAN and DMN can improve transient aspects of attentional control. Our present findings are consistent with previous studies of attentional and visuo-motor effects of cerebellar stimulation, as well as potentially consistent with cortical stimulation effects on the attentional blink (Kihara et al., 2007; Kihara et al., 2011) . Most relevant, Arasanz et al. (2012) performed stimulation of the cerebellum with continuous theta burst, an inhibitory protocol (in contrast to the current study), and found reduced performance on an attentional blink paradigm. Though this is consistent with the current study, their target site in the cerebellum was more superior to our sites, so direct comparisons are not possible. Theoret et al. (2001) directly investigated lateral and midline cerebellar stimulation (similar to the current protocol), and found an aftereffect on visually paced finger tapping, such that the variability of responses was greater after midline 1 Hz stimulation, but not with lateral stimulation. This finding is consistent with an attentional influence of cerebellar stimulation (in the case of the DAN stimulation), since tapping variability has been previously associated with attentional fluctuations (Kucyi et al., 2016) . It is important to note that because the effect of time (pre/post) did not interact with stimulation site, it is possible that the effects could be non-specific to the sites tested, or due to practice. Further study is necessary to rule out these possibilities.
In conclusion, we found that network-targeted iTBS of the cerebellar DAN enhanced sustained attentional control, and cerebellar DAN and DMN stimulation enhanced transient attentional control. This is one of the few studies to show improvements in attention from network-targeted invasive brain stimulation. Our results suggest that within-DAN FC is integral for optimal sustained attention, and that cerebellar stimulation, targeted via cortical connectivity, has promise to enhance cognition. This has important theoretical implications for our understanding of models of attention, FC-MRI as a biomarker, TMS for cognitive enhancement, and the role of the cerebellum in attention. Further, while more work is needed, this study lays some of the groundwork for future clinical applications.
